During the "respiratory burst" in phagocytes, NADPH oxidase helps kill microbes by producing superoxide anion, O~2~ ^−^. As illustrated in the cartoon in [Fig. 1](#fig1){ref-type="fig"} , the NADPH oxidase complex has several components. In unstimulated cells, four components (p67*^phox^*, p40*^phox^*, p47*^phox^*, and a G protein, Rac) are located in the cytosol, and gp91*^phox^* and p22*^phox^* are membrane bound. Upon stimulation by bacteria, PMA (phorbol ester), or chemotactic peptides, the complex assembles and begins to generate O~2~ ^−^. This is accomplished by transporting electrons from NADPH inside the cell, across the cell membrane to reduce extracellular O~2~ to O~2~ ^−^. Without charge compensation, the electron efflux in a human eosinophil would depolarize the membrane by ∼12 V/s, and this opposing voltage would shut down the oxidase within ∼20 ms. [@bib27]([@bib28],[@bib29]) demonstrated that electrogenic H^+^ efflux in human neutrophils compensates for electrogenic electron translocation through the NADPH oxidase complex. The consensus is that the electron current is balanced by proton efflux mediated by voltage-gated proton channels. A recent suggestion that K^+^ efflux contributes ∼6% of the total charge compensation ([@bib45]), still leaves 94% of the job to proton channels. The molecular identity of these H^+^ channels is not known.

F[igure]{.smallcaps} 1.Cartoon illustrating the electron and proton currents during the respiratory burst in phagocytes. The two membrane-bound components, gp91*^phox^* and p22*^phox^*, occur together in phagocytes in a complex called flavocytochrome *b* ~558~ that includes FAD and two heme groups, and comprises an electron pathway. The conversion of H~2~O~2~ to HOCl is catalyzed by myeloperoxidase (MPO), which causes pus to be green. We have added an extra proton to both sides of the reaction that usually is written: NADPH → NADP^+^ + H^+^. This was done because (a) the regeneration of NADPH produces one additional intracellular proton, (b) the dismutation of O~2~ ^−^ to H~2~O~2~ consumes two extracellular protons, and (c) balancing the two translocated electrons requires two protons. This figure was modified from a version originally published in [@bib18].

A variety of evidence has been interpreted to suggest that gp91*^phox^* can function as a proton channel, but critical examination of the evidence shows that this is not the case. The evidence on both sides falls into two general categories: heterologous expression studies and circumstantial evidence. The heterologous expression studies claiming proton channel function for gp91*^phox^* are unconvincing for two reasons. (a) In some cases, the putative H^+^ currents in gp91*^phox^* transfected cells simply do not have the properties of voltage-gated proton currents in native cells. (b) Those studies showing genuine H^+^ currents in gp91*^phox^*-transfected cells were done in an expression system that constitutively exhibits voltage-gated proton currents of amplitude similar to that reported in the transfected cells. When we expressed gp91*^phox^* in COS-7 cells that have no endogenous H^+^ channels, no H^+^ current could be detected, although expression was confirmed both by antibody staining and functional studies ([@bib39]). In addition to this evidence, there is substantial circumstantial evidence, which, by its nature is less conclusive. Because the circumstantial evidence exists historically, it will be discussed briefly.

Heterologous Expression of gp91^phox^ Does Not Result in Voltage-gated Proton Currents
======================================================================================

Heterologous expression of gp91*^phox^* and several gp91*^phox^* homologues, known as *Nox* proteins, has been reported to result in voltage-gated proton currents. [@bib26] first reported that heterologous expression of gp91*^phox^* in CHO cells resulted in pH changes suggestive of conductive H^+^ flux. This result has been supported by several subsequent studies ([@bib31]; [@bib25]; [@bib30]; [@bib37]; [@bib38]). [@bib1] reported that the gp91*^phox^* homologue, *Nox*1 was a voltage-gated proton channel. This group subsequently reported that another homologue, *Nox*5 was a Ca^2+^-activated H^+^ channel ([@bib2]).

The heterologous expression data are unconvincing and internally inconsistent. Of the three cell lines used for expression, two (CHO and HEK-293 cells) already express voltage-gated proton channels ([@bib5]; [@bib1]; [@bib23]; [@bib38]). Expression of either *Nox*1 or gp91*^phox^* in HEK-293 cells results in H^+^ currents that are only ∼4-fold larger than in the background ([@bib1]; [@bib38]), and of similar amplitude to H^+^ currents in control HEK-293 cells ([@bib23]). Transfection could induce up-regulation of the endogenous H^+^ channels. Up-regulation of endogenous ion channels by transfection with irrelevant proteins is a well-known phenomenon ([@bib49]). In both *Nox*1 or gp91*^phox^*-transfected HEK-293 cells, H^+^ current densities were small, \<4 pA/pF (at 60 mV at pH~o~ 7.5, pH~i~ 5.7). Under the same conditions (60 mV at pH~o~ 7.5, pH~i~ 5.7) this group observed native voltage-gated H^+^ currents \>300 pA/pF in human eosinophils ([@bib47]). Putative H^+^ currents in gp91*^phox^*-transfected CHO cells were \>10,000 pA ([@bib30]).

The currents reported in gp91*^phox^*-transfected CHO cells ([@bib30]) differ markedly from H^+^ currents in phagocytes. (a) They activate at least an order of magnitude more rapidly than phagocyte H^+^ currents. (b) Although the currents were extremely large, \>10 nA in some cells, they did not exhibit the droop characteristically observed during large H^+^ currents ([@bib13]; [@bib22]; [@bib34]; [@bib17]; [@bib24]; [@bib47]). Voltage-gated proton channels do not inactivate, but large H^+^ currents droop because H^+^ efflux increases pH~i~, which decreases the driving force ([@bib13]; [@bib22]; [@bib34]; [@bib17]). (c) Increasing pH~i~ by only ∼0.6 U completely abolished the gargantuan putative H^+^ currents in CHO cells ([@bib30]). In stark contrast, in every study of voltage-gated proton channels in native cells, increasing pH~i~ by 1 U reduced the limiting *g* ~H,~ *g* ~H,max~ by only ∼1/2 ([@bib14]). Although increasing pH~i~ by 1 U shifts the *g* ~H~-*V* relationship of all H^+^ channels by ∼40 mV ([@bib15]), to account for the mysterious disappearance of the putative H^+^ currents in CHO cells at 0.6 U higher pH~i~ would require a shift of at least 140 mV; higher voltages were not reported. (d) Finally, 200 μM Zn^2+^ only partially inhibited the putative H^+^ current and did not appear to slow activation ([@bib30]). In phagocytes and other cells, 1 μM Zn^2+^ slows activation by ∼3--10-fold at pH ≥ 7 ([@bib4]; [@bib20]; [@bib46]).

Thus, CHO cells that heterologously express gp91*^phox^* may sometimes exhibit a conductance that superficially resembles voltage-gated proton currents, but the currents are fundamentally different.

The putative H^+^ currents in gp91*^phox^*-expressing COS-7 cells have not been characterized, and the data that exist indicate a nonselective conductance. The family of currents in [Fig. 1](#fig1){ref-type="fig"} A of [@bib38] was recorded at pH~o~ 7.5, pH~i~ 5.7, and thus *E* ~H~ was −105 mV. However, the large inward tail currents upon repolarization to −60 mV, as well as the activation of inward current during the pulse to 0 mV, both indicate that *V* ~rev~ \> 0 mV. The conductance therefore is not H^+^ selective, because *V* ~rev~ deviates from *E* ~H~ by \>100 mV. Astonishingly, in defiance of their own data, the authors insist that these are proton currents. In contrast, the currents in transfected HEK-293 cells in the same figure and recorded under identical conditions exhibit outward tail currents at −60 mV, consistent with H^+^ selectivity. Because voltage-gated proton channels are expressed by control HEK-293 cells ([@bib1]; [@bib23]; [@bib38]; [@bib15]), their presence in transfected HEK-293 cells is not surprising. On the other hand, COS-7 cells do not express voltage-gated proton channels ([@bib38]; [@bib39]), and continue not to express H^+^ channels when transfected with gp91*^phox^*.

Direct Evidence That gp91^phox^ Is Not a Proton Channel
=======================================================

H^+^ currents are normal in phagocytes from CGD patients who lack gp91^phox^.
-----------------------------------------------------------------------------

Chronic granulomatous disease (CGD) results when a mutation in any one of the four main NADPH oxidase components prevents enzyme function. In 1994, [@bib42] demonstrated that peripheral blood monocytes from CGD patients lacking gp91*^phox^* had H^+^ currents with properties and amplitude identical to those in normal subjects. This voltage-clamp study ([@bib42]) disproved their previous hypothesis ([@bib40]) that gp91*^phox^* might be a proton channel, and has been confirmed subsequently ([@bib3]; [@bib21]). [@bib41] also showed that in several rare forms of CGD, activation of H^+^ efflux was normal with mutations that permitted assembly of a dysfunctional NADPH oxidase complex, and that in patients with reduced gp91*^phox^* expression, activation of the *g* ~H~ was not reduced proportionately. The disparity between gp91*^phox^* levels and H^+^ current density also speaks against the idea that NADPH oxidase might contain the H^+^ channel. These studies showed convincingly that the dominant voltage-gated proton channel in unstimulated phagocytes is not gp91*^phox^*.

H^+^ currents are normal in gp91^phox^ knockout cells, and are enhanced by PMA.
-------------------------------------------------------------------------------

The CGD evidence was convincing, but not conclusive, because in the "dual channel hypothesis," which was actually considered by [@bib42], the H^+^ channel in unstimulated cells might simply be a different molecule from the H^+^ channel in activated cells. This possibility was ruled out by our study of gp91*^phox^* knockout cells and CGD neutrophils lacking gp91*^phox^* ([@bib21]). PLB-985 cells are of the myelocytic lineage and when induced by dimethylformamide become capable of producing superoxide via a fully functional NADPH oxidase system ([@bib52]). Identical large voltage-gated proton currents with completely normal properties were observed in wild-type PLB cells, gp91*^phox^* knockouts, and in knockouts rescued by retransfection with gp91*^phox^*. Studied in permeabilized-patch configuration, the H^+^ currents in gp91*^phox^* knockout cells also responded to PMA stimulation with increased *g* ~H,max~ and faster τ~act~ similar to controls. The slowing of τ~tail~ was not observed, consistent with this parameter being closely linked to NADPH oxidase activity ([@bib19]), which obviously was absent in the gp91*^phox^* knockout cells. As illustrated in [Fig. 2](#fig2){ref-type="fig"} , similar results were obtained in CGD granulocytes from patients lacking gp91*^phox^*. Unstimulated neutrophils from CGD patients had normal H^+^ currents, and PMA stimulation increased the H^+^ current to the same extent as in normal neutrophils. Thus the increase in *g* ~H,max~ that occurs during the respiratory burst still occurs in the complete absence of gp91*^phox^* and cannot be mediated by gp91*^phox^*.

![Families of H^+^ currents recorded in neutrophils from a normal individual (top) and from a patient with CGD who lacked gp91*^phox^* expression (bottom). Voltage pulses were applied in 20-mV increments as labeled. Cells were studied in permeabilized patch configuration, with a symmetrical NH~4~ ^+^ gradient applied to clamp pH~i~ to pH~o~, which was 7.0, as described ([@bib21]). The currents on the left were recorded before stimulation, those on the right after stimulation with PMA. The average H^+^ current amplitudes are the same in CGD and normal cells ([@bib21]). The constant small inward current at the holding potential in the normal cell after PMA treatment is due to electron current through the activated NADPH oxidase complex, and is absent in the CGD cell. The proton conductance in both resting and activated cells is the same in the presence or absence of gp91*^phox^*, which is inconsistent with the proposal that gp91*^phox^* is a proton channel. Figure from [@bib15].](20028704f2){#fig2}

COS-7 cells expressing gp91^phox^ have no proton currents.
----------------------------------------------------------

If gp91*^phox^* is not the H^+^ channel in resting phagocytes, nor responsible for the increased *g* ~H~ during the respiratory burst, then it could be a proton conductance only if it were too small to detect in the presence of the large *g* ~H~ of resting or activated phagocytes. Because COS-7 cells lack an intrinsic H^+^ conductance ([@bib38]; [@bib39]), they are a clean expression system. We expressed gp91*^phox^* in COS-7 cells together with the other three main NADPH oxidase components ([@bib39]). The expression of gp91*^phox^* was confirmed by antibody staining and by demonstrating that the cells generated O~2~ ^−^ upon stimulation with PMA. No proton currents were detected in whole-cell or permeabilized-patch studies, or after stimulation with PMA, under conditions shown previously to enhance H^+^ currents in neutrophils ([@bib19]), eosinophils ([@bib20]; [@bib6]), or PLB cells ([@bib21]). The functional assays in this study showed not only that gp91*^phox^* was expressed, but also that it was oriented in the membrane in the same way as in phagocytes. Because COS-7 cells lack intrinsic H^+^ currents, we could have detected a few picoamperes of voltage-gated proton current in these cells, but detected none. This result precludes any significant proton channel function for gp91*^phox^*. It also rules out any proton channel function for the other components expressed in these cells, p67*^phox^*, p47*^phox^*, or p22*^phox^*.

In combination, the gp91*^phox^* knockout studies and the heterologous expression studies clearly prove that gp91*^phox^* is not a proton channel.

Circumstantial Evidence
=======================

Expression of voltage-gated proton channels is not correlated with NADPH oxidase activity.
------------------------------------------------------------------------------------------

It is possible to perceive a general correlation between NADPH oxidase activity and H^+^ channel expression. Cells with high levels of NADPH oxidase activity (eosinophils and neutrophils) have large proton currents. H^+^ channels are expressed roughly in proportion to the rate of O~2~ ^−^ production in phagocytes---the H^+^ currents are typically 1--2 orders of magnitude larger than needed to compensate maximal NADPH oxidase activity ([@bib23]). Promyelocytic HL-60 cells induced to differentiate along the granulocyte pathway acquire the ability to produce O~2~ ^−^ in parallel with an increase in H^+^ channel expression ([@bib43]).

However, the correlation between NADPH oxidase activity and H^+^ current in other cells is weak or absent. Several cells express voltage-gated proton channels but have no detectable NADPH oxidase activity. Voltage-gated proton channels were discovered in snail neurons ([@bib50]), which may lack NADPH oxidase. Human basophils have very high H^+^ current density ([@bib7]), but do not produce detectable O~2~ ^−^ ([@bib12]). Rat alveolar epithelial cells have large H^+^ currents ([@bib13]; [@bib8]), but are capable of at most a low level of O~2~ ^−^ production ([@bib51]). Human T lymphocytes express H^+^ channels ([@bib46]), but have no detectable cytochrome *b* ~558~ (the membrane-bound complex that includes gp91*^phox^*) ([@bib32]). Finally, there was no correlation between the amplitude of *I* ~e~ and *I* ~H~ activated by PMA in individual human neutrophils studied in the permeabilized patch configuration ([@bib19]). In conclusion, although cells may regulate the expression of H^+^ channels in accordance with their need for them, the many exceptions belie a strong correlation.

There are far more NADPH oxidase complexes (hence gp91^phox^ molecules) per cell than there are H^+^ channels.
--------------------------------------------------------------------------------------------------------------

Based on the *g* ~H,max~ of ∼1.5 nS at pH~i~ 6.5 ([@bib24]) and unitary conductance ∼30 fS at pH~i~ 6.5 ([@bib9]), there are ∼50,000 voltage-gated proton channels in a human eosinophil. Based on I~e~ ([@bib48]; [@bib20]; [@bib7]) and the turnover rate of NADPH oxidase ([@bib36]; [@bib11]), there are ∼830,000 active NADPH oxidase complexes per eosinophil. Therefore the number of gp91*^phox^* molecules in human eosinophils exceeds the number of H^+^ channels by more than an order of magnitude. The discrepancy increases if one considers that only a small fraction of the gp91^phox^ molecules in the cell are in the plasma membrane simultaneously ([@bib44]). This argument could be challenged if gp91*^phox^* functioned as a proton channel only when the NADPH oxidase complex was active or at least assembled ([@bib38]). However, this idea is incompatible with studies showing putative H^+^ channel behavior of gp91*^phox^* expressed by itself in CHO ([@bib26]; [@bib25]; [@bib30]; [@bib37]) HEK-293, or COS-7 cells ([@bib38]). None of these cells has the biochemical machinery to assemble NADPH oxidase or to produce O~2~ ^−^ even when gp91^phox^ is expressed.

The H^+^ channels active during the respiratory burst have properties markedly different from those in resting cells because H^+^ channel properties change during activation of NADPH oxidase; there is one channel with two gating modes.
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[@bib3] made the important observation that under conditions that enable NADPH oxidase activity, the properties of voltage-gated proton channels are radically different than in cells studied under conventional whole-cell conditions, in which NADPH oxidase cannot function. They concluded that NADPH oxidase activity was associated with the activation of a distinct type of voltage-gated proton channel, not observed in unstimulated cells, and that this channel is formed by gp91*^phox^*.

Studies of phagocytes in permeabilized-patch configuration allow direct comparison of the properties of H^+^ currents in a single cell before, during, and after activation of NADPH oxidase with PMA, arachidonic acid, or other agonists ([@bib19], [@bib20],[@bib21]; [@bib6]). These studies confirm the observation of [@bib3] that the properties of voltage-gated proton channels are dramatically different when NADPH oxidase is active. However, they also provide strong evidence that respiratory burst agonists alter the properties of preexisting H^+^ channels, rather than inducing the appearance of a novel variety of channel.

\(1\) The PMA-enhanced *g* ~H,max~ in individual neutrophils correlated strongly with *g* ~H,max~ before stimulation, even though there was an order-of-magnitude range of resting *g* ~H,max~ ([@bib19]). No correlation is expected if there are two independent H^+^ channel types.

\(2\) In PMA-stimulated neutrophils, both tail current kinetics and the *g* ~H~-*V* relationship shifted progressively from "classical" to "novel" behavior with no indication of two components ([@bib19]).

\(3\) When NADPH oxidase is inhibited by DPI (diphenylene iodinium), the H^+^ current amplitude remains large ([@bib48]; [@bib19], [@bib20]; [@bib6]).

\(4\) Inhibition of NADPH oxidase by DPI immediately reverses the effect on only one of the four H^+^ channel properties that are altered by PMA, τ~tail~. Thus, the "novel" properties of the NADPH oxidase--associated H^+^ channel are separable from one another, and are not invariant properties of a distinct type of channel.

\(5\) Arachidonic acid activates *I* ~e~ in permeabilized patch studies and produces changes in H^+^ currents that for the most part are quantitatively identical to those produced by PMA ([@bib6]). However, the profound slowing of τ~tail~ seen after PMA stimulation is not observed with arachidonic acid, again demonstrating that the properties of the putative novel channels are not invariant.

\(6\) The reported difference in Zn^2+^ sensitivity between the two putative types of H^+^ channels ([@bib3]) was a predictable outcome of the experimental design in that study and is not observed when equivalent measurements are used (Appendix of DeCoursey et al., 2001a).

\(7\) Finally, the appearance of novel H^+^ currents is inconsistent with the cellular localization of gp91*^phox^*. In resting neutrophils, ∼75% of the cytochrome *b* ~558~ (which contains gp91*^phox^*) is located in intracellular granules and ∼25% is in the plasma membrane ([@bib10]). If gp91*^phox^* were a proton channel, it should be detected in unstimulated cells, and its density in the surface membrane should increase upon stimulation. However, no component of H^+^ current with the novel properties of the NADPH oxidase--related H^+^ channel is detected in the plasma membrane of unstimulated phagocytes ([@bib16]; [@bib22]; [@bib34], [@bib33]; [@bib24]; [@bib47]; [@bib19], [@bib20]). Upon activation, all of the channels in the cell uniformly exhibit novel properties, with no residual component of H^+^ current with the classical properties seen in unstimulated cells ([@bib19], [@bib20],[@bib21]).

Protons and electrons move independently of each other in phagocytes.
---------------------------------------------------------------------

It has been proposed that electrons and protons permeate the same putative channel in NADPH oxidase ([@bib38]). However, the translocation of electrons through NADPH oxidase is unequivocally separable from the compensatory H^+^ flux through H^+^ channels.

\(1\) It is possible to measure continuous DPI-sensitive electron current in a cell that is voltage clamped at a potential at which H^+^ channels do not open ([@bib48]; [@bib3]; [@bib19], [@bib20],[@bib21]; [@bib6]), or when the *g* ~H~ is inhibited by Zn^2+^ ([@bib48]). In these situations, the normal requirement for H^+^ channels to balance the electron flux is satisfied by the feedback amplifier of the patch-clamp circuit, which supplies the required compensatory current.

\(2\) Inhibition of NADPH oxidase by DPI neither prevents nor reverses the dramatic enhancement of *g* ~H~ in stimulated phagocytes ([@bib19], [@bib20]; [@bib6]).

\(3\) H^+^ flux is inhibited by lower concentrations of Zn^2+^ or Cd^2+^ than are required to reduce O~2~ ^−^ release in neutrophils ([@bib35]).

Summary
=======

The preponderance of the evidence supports the idea that the voltage-gated proton channel is a separate entity from the NADPH oxidase complex. The idea that gp91*^phox^* is a proton channel should be abandoned. We have tested this hypothesis definitively ([@bib21]; [@bib39]) and found no evidence to sustain it. Neither gp91*^phox^* nor any of its homologues has been demonstrated to function as a proton channel. On the contrary, expression of gp91*^phox^* does not result in H^+^ currents. Furthermore, all known components of H^+^ current in resting and activated phagocytes persist in cells lacking gp91*^phox^*. Because the molecular and genetic identity of the voltage-gated proton channel remains unknown, we still need to identify this molecule. Both NADPH oxidase and the H^+^ channel play important roles during the respiratory burst in phagocytes. Their interaction, regulation, modulation, expression, trafficking, and physiology are rich areas for future study.
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